Abstract
Introduction
The future mobile satellite systems will provide some major changes to the current systems. It will be designed to deliver higher capacity with the use of higher frequency bands [1, 2] , as satellite communications will play a central role towards achieving the next 5 th generation (5G) mobile communication requirements [3, 4] . At high frequencies, the excess rain attenuation is a huge setback, especially in tropical regions where higher rain rates are expected [5] [6] [7] . This also provide a challenging task for system designers when higher availability requirements is provided. Long-term rain attenuation statistics are required to provide a better understanding for mobile terminals, which is different form the fixed terminals statistics due to the movement involved [8] . Other implications added to the mobile satellite systems such as shadowing, and multipath [9] in addition to the rain attenuation, can render the system unusable. This article will only discuss the rain attenuation, as the recent advancement in research on smart antenna and antenna arrays [10, 11] will reduce these multipath effects. However, rain will remain the biggest challenge, especially in tropical regions such as Malaysia [12, 13] .
In this work the cumulative probability distribution exceeded at a given rain attenuation (dB) in a fixed satellite system ( ) is transformed into that applicable to a satellite system for mobile terminals ( ) operating in the same geographical region, carrier frequency and weather conditions, as suggested by [14] . The provided result should allow the transformation to be applied for similar systems operating in tropical regions. Keeping in mind that a complete channel model will require the inclusion of multipath and shadowing effects. As suggested by [14] , two models for the mobile terminals are presented, which are inner-city (zigzag-roads, ring-roads) and highways (straight-roads) with the mobile terminal speed modelled as log-normal random variable. Radar rain-rate maps was used, from Kluang City streets are applied on the rain-maps by plotting a grid of square cells and straight lines to analyse the previously mentioned scenarios. And a mobile terminal operating at 12 GHz with radio link toward the geostationary MEASAT located at 91.5° W was simulated, which is similar to the recorded fixed terminal at Kuala Lumpur [15] . The result reported in this article, shows that both fixed system and mobile systems can be compared very well. The attenuation experienced by the mobile system is less than fixed system as reported in [14] . However, different factors and higher attenuation resulted in tropical regions due to the localized climate, and the nature of rain. This article is organized as follow: section 2 present the study database, followed by rain attenuation calculation in section 3 for both fixed systems as well as mobile systems. Section 4 present the simulation results for inner-city speeds, while section 5 present it for highway speeds. Section 6 examine the effects of different elevation angles, and finally, section 7 delivers some conclusions.
Radar Database
The Kluang radar has 4.3-m parabolic reflector (38.4 dB gain). 64 consecutive echoes are averaged for the computation of the reflectivity factor with error of ± 0.8 dB. The minimum detectable signal is -110 dBm. The maximum range of operation is about 250 km, however, the used database was collected only up to 50 km.
The database used in this study is for the period from January 2007 to December 2008 with a continuous operation of the radar. Every 10 minutes the radar perform a complete volumetric scan with 15 elevation angles (0.5°, 0.8°, 1.1°, 1.4°, 1.9°, 2.5°, 3.3°, 4.4°, 5.8°, 7.7°, 10.3°, 13.6°, 18.1°, 24.1° and 32.1°). Five of these scans were used to obtain pseudo constant altitude plan position indicator (CAPPI) namely 1.4°,1.9°,2.5°,3.3° and 4.4° at a constant plane of 1.5 km from ground as sketched in Figure 1 . Each CAPPI image generated from the total scanned time of 90 seconds, which help to obtain the best spatial resolution with instant image of rain. The rain rate then computed from the measured radar reflectivity using the following Z-R relation = 300 1.4 (1) where in mm 6 m -3 and in mm/h, the coefficients 300 and 1.4 have been derived from the Malaysian raindrop size distribution (DSD) measurement by [16] , instead of the commonly used Marshall-Palmer DSD relationship [17] with the coefficient of 200 and 1.6, which were found not able to represent tropical climate [18] .
The probability matching method [19] was employed to influence the reflectivity to represent the reflectivity converted from the long-term statistic of rain-rate measurement made available by the Malaysian Department of Irrigation and Drainage [19] . After the modification of reflectivity values, the database consists only of 11 reflectivity levels which correspond to quite a coarse quantization of the rainfall intensity. The minimum observable rain rate was 0.2 mm/h.
The static clutter map technique [20] . Is then used to account for the ground clutter and blockage. Then the database which is initially in polar coordinates, is converted to 40000 cartesian cells of side 500 m, with total square area of side 100 km. with sides parallel to the north-south (N-S) and east-west (E-W) directions. More details on data acquisition and processing can be found in [16] . For the present study, the inner cells affected partially by clutter, assigned values of the surrounding cells with valid data to maintain as much as possible the continuous horizontal extent of rain. This technique was also adopted for the blind area around the radar site. Following this process, the remaining number of useful cells amounts to 32440 representing an area of 8110 km 2 . And the total database consists of 42234 maps.
Rain Attenuation Calculation
After obtaining the horizontal structure of rain using the radar maps, the vertical structure needs to be modelled in order to compute the slant path rain attenuation. Considering all the atmospheric layers defined in [21] . Starting from the ground, layer A where hydrometeors in the form of raindrops, with water temperature of 20° C, and the rain rate obtained from radar maps. The melting layer B is then simulated where water temperature at 0° C, and the rain rate is related to the first layer rain rate by the relation = 3.134 [21] . The precipitation height above sea level containing both layers is defined following the International Telecommunications Union (ITU) recommendation [22] , which is 4969 m for the radar location, yielding of average precipitation height = 4969 − 255 = 4714 m. Then the melting layer B depth is assumed to be 400 m at any altitude [21] , so that 4714 − 400 = 4314 m. Both layers are used for all the maps regardless of rain types. This assumption was found [14, 21] , to give enough resolution and minimum error for the comparison between fixed and mobile systems.
Rain attenuation (dB) is calculated as a line integral of the specific rain attenuation = [23] , with the values of rain rate found in the cells sampled by the projection at ground of the slant path, and to the layer:
where is slant coordinate (at elevation angle ), is slant length in layer A, is slant length in layer B, and ( ) , ( ) are the specific rain attenuations in layer A and B, given by:
where and are parameters given by the ITU-R [23] as a function of frequency and polarization, at 12 GHz, = 0.02455, = 1.1617. knowing that both parameters can change significantly with different raindrop size distributions, and hydrometer temperature, however, this is not the concern of this study.
The value of rain attenuation is similar of both fixed and moving terminals but with different time durations as suggested in [14] . For that, the value was calculated only once at the centre of each radar cell, to force both type of terminals to measure the exact value, and the value would not change for the mobile terminal moving inside the same cell, the only change between the two terminals was in the duration and the rate of change in motion. Considering the slant path to the satellite MEASAT, with elevation angle = 76°. The number of useful cells need to be reduced to remove the cells where it is not possible to incorporate the specific attenuation for the entire path, to guarantee that both fixed and mobile terminals are always able to measure attenuation for the complete slant path. 12 GHz, is then tested against beacon experimental data collected at Kuala Lumpur to the satellite MEASAT-1 in the year August 1996 to July 1997 [15] . Additionally, a simulation at Ka band at 20 GHz is done and tested against the data collected in Johor, to the satellite Syracuse 3A with elevation angle of 25°, in the period 2015-2016 as reported in [24] . Figure 2 reports the cumulative probability distributions ( ) that the rain attenuation (dB) is exceeded for both links in an average year, and the predicated by the radar simulations. Both simulated and measured curves were in very good agreement regardless of the observation period, the radar produced a very reliable of the long-term ( ) by sampling 37875 slant paths. Which will also be the case to the long-term ( ) of the mobile terminals in the following sections. Figure 2. ( ) (%) the rain the rain attenuation (dB) is exceeded for both beacon receiver's measurement [10, 19] and predicted by radar simulation
Inner City Mobile Terminals
As a simplification the city block grid was assumed to have square side of = 500 m, similar to the radar cells, the streets intersection designed to be within the centre of the radar cell, where the fixed terminal was placed, the mobile terminal was then driven with constant speed for all the cell distance , with a log-normal probability with median value of = 30 km/h, or = 60 km/h, with maximum allowed values of 70 and 110 km/h, respectively. These two distribution models are labelled as M1, M2 to represent low and fast speed, representing the average distribution of inner-city speeds in Malaysia. No speed change was considered for the purpose this study.
At each intersection the mobile terminal could change direction with equal probability ℎ = = (1 − ℎ )/2 , so that ℎ + + ℎ = 1, these conditions were used for the zigzag road, while square ring-roads are detailed later. A mobile terminal was no longer considered as it left the map or there were no more radar maps for the rain storm. The results provided here are averaged over 37875 fixed terminals, 100 terminals for zigzag-roads, and 20 terminals for ring-roads. Figure 3 shows probability distributions exceeded in the mobile systems ( ) with M1, compared to the cumulative probability that the same value of is exceeded in the fixed system ( ), averaged over the 37875 cells of the useful area. It is observable that for all values of , ( ) < ( ). Additionally, the higher the probability of the mobile terminal going in a straight line ℎ > 0.5, the smaller the value of ( ). Figure 4 shows ( ) for mobile terminals moving with M2, lower attenuation observed since the terminals will leave the area faster due to Figures 3, 4 , clearly demonstrate the possibility to scale any value of ( ) from ( ), as described by [14] , following the equation:
while the probability scaling factor ξ was verified to be independent of attenuation by [14] , the factor is still dependent on the spatial horizontal distribution of rain, rain types, and the properties of the climatic region. Thus, it is possible to calculate ( ) simply by scaling ( ) using the constant factor ξ. However, this factor should be analysed for each climatic region. Note that, this factor is independent of frequency, making it very effective to be used for any different link frequency. Table 1 shows the computed values of ξ for this study representing tropical regions, in comparison with the values obtained by [14] , which can be used for temperate regions. In case the dimension of the streets changed, the mobile terminal will continue in straight line for longer time before changing its direction. By simulating the street grid with longer dimension where = 1000, 2000 m, the mobile terminal left the rainy area sooner than before, and therefore, receive less attenuation. Table 2 shows the value of for both models M1, M2, where smaller values of indicates lower attenuation.
To simulate the ring-roads square rings plotted around the radar location with different side lengths was used, and the mobile terminal moved in two directions (clockwise, counter clockwise). The ring-roads usually used to represent buses and trains. The results obtained for each ring-road are shown in Figure 5 . All mobile terminals received ( ) similar to the fixed terminal ( ), showing no significant difference between fixed and mobile terminals. 
Highway Mobile Terminals
To simulate the Highway traffic in Malaysia, a mobile terminal was driven across the radar area in straight line from different directions, with log-normal distribution of speeds with median value of 90 km/h, and maximum limit of 120 Km/h. This distribution model was labelled (M3) to represent highway traffic. The directions simulated are east-west (EW), west-east (WE), north-south (NS), and south-north (SN). Figure 6 shows the ( ) for mobile terminals moving in straight lines as described in M3, very low attenuation observed since the terminals will leave the area faster due to the higher speed. Knowing that not all mobile terminals will be moving at the same speeds in M3, in case of a traffic. Figure 7 shows a comparison of the average attenuation between terminals moving in high speeds as in M3, and lower speed as in M1 however only locked in straight lines. It is obvious that the scaling factor will be affected by the terminal speed as it will leave the rainy area sooner in case of higher speed movement. ( ) the rain attenuation (dB) is exceeded for mobile system moving in highway speeds in straight lines as described in M3 versus the fixed system ( ) (%) the rain attenuation (dB) is exceeded for mobile system moving in straight lines averaged in all directions for M1 and M3 versus the fixed system ( )
Impact of Link Elevation Angles
In case different elevation angles were utilized, this is expected in the future use of satellite communications [25] . The fixed link performance was simulated for the values of = 30°, 45°, 60°, 90 ° in similar vertical plane as MEASAT slant-path. Figure 8 Mobile terminals were also simulated to examine the change of the factor ( ). No large changes were observed. For that it is safe to assume that the scaling factor is independent of elevation angle, and only by scaling the fixed terminal attenuation statistics to the new elevation angle, we can then use the same factor to obtain the attenuation for mobile systems.
Conclusion
The cumulative probability distributions ( ), and a given rain attenuation (dB) for fixed satellite systems, were examined and scaled to the probability of the mobile satellite systems ( ). Different scenarios were investigated for the mobile system by simulating the inner-city transportation as well as for highway speeds. It was found that the mobile system will experience less attenuation in comparison to the fixed system for all scenarios except for ringroads, where similar attenuation level is expected. The highway speed terminals received the lowest rain attenuation, followed by inner city traffic with higher probability of going in straight line. In both cases the mobile terminal will depart the rainy area sooner which result in lower attenuation statistics. Additionally, the scaling factor for different speeds, and probability of directions was presented and tabulated. Finally, as mobile satellite systems are also affected by shadowing and multipath, only rain attenuation was examined in this study, where the advancement in the satellite antenna design are expected to overcome these extra issues and only rain attenuation will determine the system performance, especially in tropical regions. 
